By immersing porous alumina membranes in 8-hydroxy quinoline aluminum ͑Alq 3 ͒ solutions, we embed Alq 3 molecules into the nanovoids of the membranes. Photoluminescence ͑PL͒ spectral examinations show that the Alq 3 molecules embedded in the alumina membrane show a blueshifted luminescent spectrum compared to that of Alq 3 solid film. Since the blueshift of ϳ18 nm does not change with nanopore diameter, we consider it to be due to the confinement of nanovoids in the nanopore walls, which prevents Alq 3 molecules from aggregation and thus weakens the interaction between them. Further spectral analyses suggest that the photogeneration of carriers takes place in oxygen vacancies at the surfaces of nanopore walls, whereas the radiative recombination occurs in the embedded Alq 3 molecules. Förster energy transfer from oxygen vacancies to the embedded Alq 3 molecules is proposed to be responsible for the enhancement of the PL intensity.
In recent years, porous anodic alumina ͑PAA͒ membrane with highly ordered nanopore array has attracted an increasing interest because of its favorable applications as a template in fabricating nanostructured materials.
1-8 Meanwhile, 8-hydroxy quinoline aluminum ͑Alq 3 ͒ in the form of amorphous thin solid film has been widely used in green organic light-emitting devices as electron transport and emitting layers. 9, 10 Alq 3 -related nanostructures fabricated with PAA templates may be able to find advantageous uses in photonics applications such as all-optical switching and full-color display. However, so far, investigation on Alq 3 mainly focuses on device performance or charge transport in Alq 3 solid films. 11, 12 Only a little literature reports investigation on the PAA-based Alq 3 nanostructures. 13 Specific analyses on the photoluminescence ͑PL͒ properties of this kind of composite nanostructure are still scarce. In this letter, we investigate in detail the PL spectra of the Alq 3 molecules embedded in a PAA membrane. A blueshift of ϳ18 nm is observed in comparison with the PL spectrum of Alq 3 solid film. We consider the blueshift to be due to the confinement of nanovoids in the pore walls of the PAA membrane, which prevents Alq 3 molecules from aggregation and thus weakens the interaction between them. In addition, we also study the energy transfer process in this composite nanostructure. The obtained result can be expected to have applications in modern optoelectronics.
High-purity Al foils ͑99.99%͒ were used to fabricate the PAA membranes. Anodization was conducted in 0.3 M sulfuric acid under 25 V. A two-step anodic process was adopted to get a high-quality PAA membrane, 14 in which anodic times were set for 3 and 2 h, respectively. The obtained PAA membrane was immersed into 1, 2-dichloroethane ͑C 2 H 4 Cl 2 ͒ solution of 1 mg/ mL Alq 3 for 20 h. The membrane was then taken out from the solution and washed repeatedly with C 2 H 4 Cl 2 to drive out surplus Alq 3 molecules. The obtained sample was named PAA: Alq 3 . For a comparison, Alq 3 film on Al substrate was prepared via solution casting method. In our experiments, the currentvoltage ͑I-V͒ curve was measured using a HP Agilent 4156C semiconductor parameter analyzer. Fourier transform infrared ͑FTIR͒ spectra were obtained on a Nicolet NEXUS870 system. The morphology of the PAA membrane was characterized using a field-emission scanning electron microscope ͑SEM, LEO 1530VP͒. PL and PL excitation ͑PLE͒ spectra were taken on a FluoroMax-2 ® fluorescence spectrophotometer ͑Jobin-Yvon͒. All the measurements were carried out at room temperature.
The upper inset of Fig. 1 Figure 1 shows the I-V curve of the PAA: Alq 3 sample. We can see that the threshold voltage is about 12 V. Such a turn-on property cannot be obtained from the PAA membrane. Therefore, the I-V curve suggests the existence of Alq 3 in the membrane. 11, 12 To rule out the possibility that the I-V characteristics is connected with Alq 3 film on the surface of the PAA membrane, the reflected FTIR spectra were measured and the obtained results are presented in the lower inset of Fig. 1 . For the Alq 3 film on Al substrate prepared via solution casting method, its FTIR spectrum shows many absorption peaks that are from Alq 3 molecule vibrations ͓see spectrum ͑a͔͒. For the PAA: Alq 3 sample, no similar vibration peaks were observed ͓see spectrum ͑b͔͒, except for a broad absorption band from the PAA membrane. Since the reflected FTIR spectra are mainly from the signals of the surface compositions of the sample, the FTIR results suggest that Alq 3 molecules have been embedded into the interior of the PAA membrane. Figure 2͑a͒ shows the PL spectra of the PAA: Alq 3 sample and Alq 3 solid film. An emission band centered at 516 nm can be observed from Alq 3 solid film. This band blueshifts to 498 nm in the PL spectrum of the PAA: Alq 3 ͑the PAA membrane itself does not show the 498 nm PL band, see the lowest curve͒. Previously, some investigators have mentioned that dipole moment interactions between Alq 3 molecules can cause a redshift of the PL peak with increasing Alq 3 solution concentration. 15 Thus, we may preliminarily consider the blueshift of the current PL band to be due to the confinement of nanopores, because the existence of nanopores suppresses the aggregation of Alq 3 molecules. However, this assignment seems to be oversimplified. Supposing that each Alq 3 molecule occupies a cubic volume, we can calculate the distance between adjacent molecules according to the dependence of PL peak position on Alq 3 solution concentration. We found that corresponding to the PL peak blueshift from 516 to 498 nm, the intermolecular distance in Alq 3 solution will increase almost six times, which will largely weaken the interaction between Alq 3 molecules. This situation should not take place in the current Alq 3 molecules embedded in the PAA membrane because the nanopore diameter of ϳ30 nm is far larger than the Alq 3 intermolecular distance. To further identify the influence of nanopore size on intermolecular distance ͑i.e., the PL peak position͒, we fabricated the PAA membranes with nanopore sizes of 23 and 45 nm. The former was obtained under an anodic voltage of 20 V and the latter under open-circuit etching. We found that their PL spectra are identical with a center at 498 nm, as shown in Fig. 2͑b͒ . The two PL spectra declare that the observed blueshift is not from the confinement of nanopores on Alq 3 molecules. In fact, it has been reported previously that volume expansion from Al to alumina would cause high stress, 4 which leaves a lot of voids with sizes of about 1 -2 nm buried within the anodic alumina matrix and cracks with sizes of Ͼ5 nm extending from the surface to internal voids. [16] [17] [18] The inset of Fig. 2͑b͒ exhibits the crosssectional SEM image of the PAA membrane. Due to the limited resolution of our SEM system, the existence of nanovoids cannot be directly confirmed, but a large number of cracks can clearly be observed on the nanopore walls. When the PAA membrane is immersed into Alq 3 solution, Alq 3 molecules with dimension of 0.8 nm may diffuse into the nanovoids through the cracks. Each nanovoid can only contain one or two Alq 3 molecules. Surplus molecules ͑not in nanovoids͒ would basically be removed after the sample is repeatedly rinsed in C 2 H 4 Cl 2 . Therefore, the nanovoids can effectively restrict the aggregation of Alq 3 molecules and increase intermolecular distance, which reduces the interaction between Alq 3 molecules. Meanwhile, high dielectric constant of alumina also further promotes a reduction of the interaction between the Alq 3 molecules in different nanovoids. 19 As a result, the blueshift occurs in the PL spectrum of the PAA: Alq 3 sample. The fact that the 498 nm PL band does not shift with increasing the concentration of Alq 3 solution in the fabrication process of the PAA: Alq 3 sample also supports our deduction. Figure 3͑a͒ shows the PLE spectrum of Alq 3 solid film. The asymmetrical broad peak has been assigned to the transition from ground state to 1 L a state of Alq 3 molecule. 20 Figure 3͑b͒ displays the PLE spectrum of the PAA: Alq 3 sample. This spectrum is very different from that of Alq 3 solid film, showing a PLE band at 368 nm. To investigate the origin of this difference, we also measured the PLE spectrum of the PAA membrane and present the result in Fig. 3͑c͒ . These spectra in Figs. 3͑b͒ and 3͑c͒ are very similar except for the intensities. Previous theoretical and experimental studies have revealed that oxygen vacancies ͑V O ͒ in PAA are responsible for the PLE band at ϳ370 nm. [21] [22] [23] To identify the role of V O in the process of photoexcitation, we first annealed the PAA membrane in O 2 at 400°C for 2 h to decrease the concentration of V O and then embedded Alq 3 molecules into the membrane. The corresponding PLE spectra are displayed in Figs. 3͑b͒ and 3͑c͒ ͑the dashed lines͒. Obviously, the PLE intensity of the PAA: Alq 3 sample tracks well with the concentration of V O , which suggests that V O is tightly connected with the excitation process. Thus, a possible mechanism is that the photogeneration of carriers takes place in oxygen vacancies in the PAA membrane, while the radiative recombination occurs in the Alq 3 molecules. The two processes should be linked with an energy transfer. In organic electronic materials, Förster energy transfer usually induces an energy shift of optical transition. 24 From Figs. 3͑a͒ and 3͑c͒, one can see that the energy levels of Alq 3 molecules in solid film overlap well with those of oxygen vacancies in the PAA membrane, which meets a fundamental condition for producing Förster energy transfer. 24 Moreover, as a long-range interaction, the action range of Förster energy transfer can reach several nanometers or even more. 24, 25 For the current composite nanostructure, this condition is also fulfilled, because the surface of nanopores are full of oxygen vacancies. 23 Thus, Förster energy transfer from V O , acting as a donor, to Alq 3 , acting as an acceptor, should be the most promising process responsible for the observed PL. Generally, energy transfer to a radiative center can effectively increase PL efficiency. 26 Light excitation and emission processes in the PAA: Alq 3 are schematically plotted in Fig.  4 . Since a large number of V O exist around Alq 3 molecules in the nanovoids, the energy transfer will be efficient. Consequently, the PL intensity is greatly enhanced.
In conclusion, we have investigated in detail the PL and PLE spectra of the Alq 3 molecules embedded in the nanovoids of PAA membrane. An obvious PL spectral blueshift is observed and is considered to be due to the confinement of nanovoids in nanopore walls, which prevents Alq 3 molecules from aggregation and thus weakens intermolecular interaction. Spectral analyses suggest that the photogeneration of carriers takes place in oxygen vacancies at the surfaces of nanopores around Alq 3 molecules and the radiative recombination occurs in Alq 3 molecules in the nanovoids. Förster energy transfer from oxygen vacancies to Alq 3 molecules is proposed to be responsible for the enhanced PL in the Alq 3 / PAA composite nanostructures. 
